This article presents the results of numerical investigation on modeling buckling behavior and ultimate strength of corroded multi-planar tubular joints. Finite element method was used in order to simulate the behavior of DX multi-planar tubular joints under axial compressive loading. Three different patterns were chosen for corrosion modeling. Also the effects of corrosion-related parameters such as age and depth of corrosion were evaluated. The first corrosion pattern is based on uniform reduction of wall thickness over a portion of tube length while the second pattern represents a sinusoidal reduction of thickness. The third pattern of corrosion uses average thickness and standard deviation as main parameters for defining a random corroded region. A linear criterion for predicting corrosion wastage has been used for the first and the second patterns, whereas predictions of the third pattern are determined by a nonlinear method.
INTRODUCTION
Introduction of modern methods for petroleum extraction and economic benefits of using old platforms result in utilizing platforms beyond their design service lives. Therefore, for the purpose of safety and maintenance of a platform, it is necessary to investigate the remaining strength of corroded joints. Corrosion is a time-dependent electrochemical process and depends on the circumstances surrounding the structure. It should be noted that corrosion is occurs in the form of galvanic type in the sea environment (Cosham et al. (2007) ). Corrosion is usually divided into two main groups: general and localized corrosion. In case of tubular members, especially in the sea, the definition is different. According to Hairil Mohd and Paik (2013) , the corrosion definition in terms of the extent of the corrode area is divided into 5 groups of ring, line, general, limited and hole corrosion. Each corrosion type affects a specific area of the tube. The dimensions of damaged area can be expressed by multiples of tube diameter (D) in circumferential and longitudinal direction of the tube. Figure 1 shows corroded area dimensions for 5 corrosion types. (2013)).
There are many factors affecting the speed of corrosion propagation, e.g. polarity of the metal, temperature, water flow rate, pH of sea water and the location of structure (Chamberlain (1988) and Wika (2012) ).There is not a comprehensive research performed on ultimate strength of corroded joints and in general it is suggested that the designer should consider 10-12 mm (if no anti-corrosion coating is included) to compensate reduction of corrosion thickness for tubular members (UEG offshore Research (1985) .In jacket platform, tubular joints play an important role in load bearing and structural strength. As important structural elements, the study of static strength gives an overall prospect of entire structure.
Tubular joints are considered as the weakest points of an offshore structure. Some researchers showed that failures begin from joints e.g. Lesani et al (2013) . The studies on tubular joints are mainly concentrated on fatigue, stress concentration factors (SCF) and static strength of joints.
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Numerical models and empirical formulas were used in these issues for different joints. Researches in the field of tubular joints can be categorized into three main groups, i.e. experimental, numerical and analytical studies. Empirical studies began in the 60s by Togo et al. (1967) and Washio et al.(1968-69) . Among the most important researches, Chiew et al. (1997) performed a test on a DX joint to obtain its ultimate strength ( Figure 2 ). The test conditions were similar to the real conditions and a full scale model was used. In this test the ultimate static strength of the joint was studied under compressive loading of bracing members, so that 350 kN was first applied to the out of plane braces and then 400 kN was applied to the in-plane braces. Afterwards the loading was only applied to in-plane braces and increased in controlled manner until the plastic deformation of the chord occurred. (Chiew et al. (1997) ). studied on K overlapped joints with a concentration on stress and joint failure mechanism. They concluded that the empirical formulas are conservative to estimate the stress concentration factor in many cases. They used 8-node shell elements of MARC and MENTAT software in order to investigate stress concentration factor of K joints. Chen et al. (2016) performed a numerical study on strength of tubular X-joints reinforced by grouting. Studying the results of the PATRAN, FEMGEN and ANSYS software on K-shaped joint was conducted by Dexter (1996) . He showed that ANSYS software is more efficient. The Static strength of collar plate and doubler plate reinforced tubular T/Y-joints was studied by . They derived formulas for determining strength of reinforced joints. Among the first researches in analytical field, Togo et al. (1967) studies can be noted that was based on the theory of plasticity. Their work was developed by Makelainen (1988) and Paul (1992) . Three models of ring model, punching shear and chord shear are used to determine tubular joint strength. Marshall et al. (1974) investigated joint strength using punching shear model. Lan et al. (2016) studied on internally ring-stiffened tubular DT-joints to obtain static strength formula and comparing them with numerical models.
A summary of researches in three groups of experimental, analytical and numerical studies for a variety of joints is depicted in Figure 3 . As mentioned earlier, there is no investigation performed on the ultimate strength of joints with corrosion. Extensive researches have been carried out on strengthening of intact tubular joints; but there is a lack of knowledge on prediction of strength for aged structures. The reason is difficulties of analyzing corroded joint, especially for large experimental scales. Furthermore, complexities and novelties of corrosion modeling make it to be an untouched field of research.
In this paper a numerical method is used in order to determine the ultimate static strength of corrode DX joints. To do this, bracing member is loaded until the displacement-force curve reaches a maximum point (ultimate state).The validation of numerical model for non-corroded models is demonstrated for different kinds of loading conditions and boundary conditions.
The aims of this study can be listed as: 1. Modeling the thickness changes of the joint members using an efficient method that can effectively represent environmental conditions of the sea. 2. Obtaining the ultimate static strength of the corroded joint 3. Comparing the ultimate strength of the corroded joint with the intact joint. 4. Investigating the effects of basic parameters of corrosion patterns. 5. Predicting the ultimate strength of corroded joints as a function of time. 
FINITE ELEMENT ANALYSIS
Due to complexities of stress distribution and load transmission mechanism for tubular joints, numerical methods are usually used to study behavior of tubular joints under different kinds of loading. In this study ANSYS 14 is used to conduct FE approach. The large deformation effects of numerical models involve nonlinearities of material and geometry. The material used has bilinear isotropic hardening properties. Accordingly, Von Mises yield criterion is introduced to Shell 181 elements. Figure 4 shows an FE model of a DX joint used in this study. 
Joint Model
In this study, the DX multi-planar joints were modeled. The prepared models (without corrosion) were validated with boundary conditions according to two experiments, i.e. one-step loading (van der Vegte et al. (1991) ) and 3-step loading (Chiew et al. (1997) ). In order to obtain the appropriate meshing for corrosion modeling, the sensitivity of the models was assessed. In order to validate numerical models, the results were compared with those of other researchers, e.g. Chiew et al. and van der Vegte et al. The work of Chiew et al. provides more inclusive loading conditions as they studied in-plane and out of-plane loading of braces. Therefore it is better to compare the results with them; however, the results of van der Vegte et al. were also used for validation. The mechanical properties are taken from Chiew et al. It should be noted that some joints with different geometrical properties have been modeled but due to writing restrictions they were not mentioned in this paper. The total number of models was 75, and only 20 models are discussed in thisstudy.
Boundary Conditions and Principles of Modeling
The boundary conditions used for models were same as the experiments. For one-step and 3-step loadings, according to the different laboratory conditions and type of materials, two different methods were used in applying boundary conditions.
One-Steploading
In this study the results of one step loading experiments performed by van der Vegte et al. (1991) are used. In other words, compression loading is applied to in-plane braces until the ultimate static strength is reached ( Figure 5 ). According to Yura and Swenssen (1987) , displacement control loading has been used. In this joint, steel with the standard of Euronorm 25 with 240 N/mm^2 yield stress has been used. Table 1 shows the geometry of this joint. Where: d=The outer diameter of the brace member, D=The outer diameter of the main member (chord) L=Length of the main member t=Thickness of brace members T= Thickness of main member l1=Length of in-plane braces including the outer diameter of the main member l2=Length of out of plane braces including the outer diameter of the main member d = D β =Diameter ratio (indicating the density of the joint)
=Wall thickness ratio (indicating that the main member fails before the braces)
=Main member thickness parameter (indicating radial thickness and hardness of main member) y σ =Yield stress of steel υ=Poisson's ratio In this model, boundary conditions have been applied at the end of each member. In other words, 6 degrees of freedom for the elements at the end of members were constrained; only one axial translational degree of freedom is not fixed along of the member ( Figure 6 ). The load-displacement curve for an experiment and the present FE model is shown in Figure 7 . 
3-Step Loading
The 3-step loading was used for analyzing corroded models. According to researches conducted, loading on bracings, α≥12 coefficient(ratio of length multiplied by two to diameter of the main member) and support position of main member have no significant influence on the joint strength (Chiew et al. (1997) ). This condition is the same as all corroded models. The procedure of loading is comprised of 3 different steps, i.e. at the first step, 350 kN compressive force is applied to the out of plane braces, then a force of 400 kN is applied to in-plane braces. Loading could change based on the joint capacity. Finally, a displacement controlled loading is applied on the joint until it fails (Chiew et al. (1997) ). As previously mentioned, in these models bilinear isotopic hardening properties have been used. As seen in Figure 8 , the material reaches the yield strength with a fixed slope (Young's modulus E). After yielding, plastic behavior is expressed by another slope, say E1. According to Khedmati research (2000) , good value for E1 is E/65. Table 2 presents mechanical properties of the material used in this stage, which is standard steel API 5L Grade B with yield stress of 361.8 N/mm 2 . As shown in Figure 8 , the hardening curve is similar to one-step, but it is different in the amount of E and E1. In this model the variables have been changed based on research of Miki et al. (2000) . It should be noted that after applying the preload force, in-plane braces moves upward that is opposite the compressive force exerted on the braces in the next loading step. In other words, the geometry of numerical model should be updated for the next load steps. (Chiew et al. (1997) ).
The boundary conditions are the same as one step loading models with the exception that from 6 degrees of freedom only 2 degrees of freedom for lateral translational is fixed ( Figure 9 ). Figure 10 depicts the curves of load-displacement for an experiment and the present FE model. The ultimate strength obtained by numerical model differs from experimental results by about 3.9%. Also, the numerical force-displacement graph matches well with the experiment curve. The results of these two models (one-step and 3-step) indicate that the numerical models of DX tubular joints used in this study are reliable. (Chiew et al. (1997) ).
Corrosion modeling assumptions
As mentioned, there are different parameters for determining properties of a corroded region. In this study it is focused on two major parameters which are maximum depth of corrosion and corrosion distribution. The corrosion distribution is based on the average depth with standard deviation.
The data corresponding to these factors have been extracted and collected from sea filed. In order to study the effects of these two factors, three corrosion patterns have been used. The patterns are described in the following.
It should be noted that the starting time of corrosion is of important issue. It is assumed that corrosion begins in a range between 1.5 to 10 years after exposure to sea environment. According to research conducted by Guedes Soares and Garbatov (1999) , corrosion starts a few years after the installation of structures in the environment and before that there is no significant corrosion (Emi et al. (1993) , Loseth et al. (1994) and Guedes Soares and Garbatov (1999) ). In this study, this time has not been considered wherever the age issue has been raised.
According to studies carried out, for routine inspections in the Persian Gulf, maximum corrosion depth of tubular members is reported as the critical corrosion parameter (Figure 11 ) (Iranian Offshore Oil Company (2009)). So for more applicable research, models of corrosion include maximum corrosion depth. As seen in Figure 11 , the critical areas are located in the vicinity of joints between braces and the main member. It should be noted that different annual corrosion rates have been expressed by researchers such as Qin and Cui (2003) . Linear and nonlinear models are used to predict a corrosion wastage. In this study, a linear corrosion rate is used for the first and the second corrosion patterns; the third corrosion pattern is based on a nonlinear rate. In order to make an appropriate approximation of corrosion rates, two homogeneous series of data were extracted. The linear corrosion rate used in this study is based on values described in "Design method for steel structures in marine environment including the corrosion behavior (European Commission)". Table 3 presents maximum corrosion depth suggested by Houyoux and Alberts (2007) . (2007)).
Where max Cr is maximum corrosion depth and Year represents age of corrosion in years.
According to Melchers-South well nonlinear formula, based on the average depth with standard deviation (Qin and Cui (2003) ), main parameters are as follows: 
The average depth ( mean Cr ) and standard deviation ( SD Cr ) area function of structure age in years.
Corrosion Applying
As mentioned above, corrosion can be categorized by its distribution on the surface of tubular members. In this study, two ways of applying general corrosion are used. Zone A and zone B represents these two ways. Zone A is defined across the length of member, while zone B represents corrosions with a length of more than twice the tube diameter and width of more than 30% of tube circumference ( Figure 1 ). It should be noted that for some models, corrosion is only applied on the main member. On the other hand, in models with corrosion on braces, all of four braces have corrosion on their surfaces. Also in models with zone "B" which is assumed as locally corroded region, this area has been chosen on the main member at the vicinity of the joint. This is because of stress concentration in this region and also the highest possibility of corrosion in the area. Figure 12 shows these two zones.
Corrosion Modeling Methods
In this study three methods of corrosion have been utilized. The characteristics of these models are based on maximum depth of corrosion and average corrosion depth with standard deviation.
First Corrosion Modeling Method
The first corrosion model has smooth reduction of thickness (Lutes et al. (2001) ). As shown in Table 3 this reduction is modeled by maximum corrosion depth. Figure 13 
Second Corrosion Modeling Method
The second pattern of corrosion in the tubes is non-uniform. Non-uniform corrosion can be modeled in different ways. One sided asymmetric external corrosion is considered in this study which has been used by Luteset al. (2001) . The main characteristic ofthis type of corrosion is maximum depth of corrosion. According to equation (3) and Figure 14 , the thickness of each section is defined as follows:
Latin In this equation, ( ) 1 t q is the thickness of the section of the member at angle 1 q , and 0 t is the initial thickness of the tube. Also, thickness changes in the longitudinal direction of the member. Figure 15 shows cross sections of tube at different locations. As Figure 15 shows, the ratio of thickness change shows a sinusoidal pattern both in circumferential and longitudinal direction. As shown in Figure 15 , two equally sized waves are formed along the corrode region. Figure 16 shows how the number of waves changes in a fixed-length. Figures 17 and 18 show numerical models with this type of corrosion. 
Third Corrosion Modeling Method
This model is based on the average depth with standard deviation obtained from Melchers-South well formula by Melchers (1999) with a normal distribution (Wika (2012) ). This model was only used for comparison with previous models. This model requires high density of meshing that increases the numbers of calculations. Therefore, only zone "B" in chord has finer mesh and corrosion applied in the same zone. Figure 19 shows a numerical mode of this type of corrosion. 
Meshing
The present numerical model and its meshing is based on studies of Chiew et al. (1999) . In this study, maximum dimension of elements is assumed as a variable in order to optimize the numerical model and improve meshing quality. Also it is tried to make elements with equal sides. The elements become finer in the areas that braces join the chord (Figure 19 ). This plays an important role in the convergence of the finite element solution. The sensitivity of analysis toward the size of elements was performed both for corroded and intact models. A numerical model for instance is comprised of 17000 elements.
Appropriate Meshing Density for Corrosion Modeling
The sensitivity analyses led to choose a meshing with maximum element size of 4 cm. In order to precisely model a corroded plate, it is necessary to use much smaller elements, i.e. 1 mm (Rahbar-Ranji (2012)). Of course for plates, the plate dimensions are not as large as a tubular joint and the type of corrosion modeling usually differs from the tubes. For modeling corrosion of tubes, elements with 2 mm dimension have been used (Yamane (2006) ). But Saad-Eldeen et al. (2013) used elements of 5 cm dimension. Their study is close to this study in respect of structural aspects. Moreover, a sensitivity analysis was performed on a joint with Chiew et al. (1997) geometry tests in the zone "B". Then in the same zone, second corrosion modeling method was applied and the same analysis was performed. In two models, at the zone "B" and for the main member, the element dimensions have been reduced from 40 mm to 9 mm. As dimensions of elements decrease, the volume of numerical model and its processing time increase. The results of analyses are shown in figure  20 .
In corroded model, the second type of corrosion was applied with one wave. Analysis was conducted with 40 mm elements and with the same corrosion at zone "B" with elements of 13 mm size.
Models with elements of 13 mm and 9 mm sizes showed no significant difference. As shown in Figure 20 , these dimension changes have no clear change either with or without corrosion; therefore, 40 mm is a suitable dimension for elements.
RESULTS
In order to study the effects of geometry on strength of corroded joints, three different DX joints are modeled. The mechanical properties of these models are taken as same as joints of Chiew et al. (1997) .Also the geometry of the models is equal to the experiments, e.g. the value ofαratio is selected in such a way to minimize the effects of boundary conditions on joint behavior. Table 4 presents dimensions of DX joints.
Then based on the corrosion modeling methods discussed earlier, joints with corrosion were modeled. The characteristics of corrosion are presented in Table 5 . As mentioned earlier, in order to study effects of different parameters 75 models were analyzed in this study. These parameters include geometric, material properties and corrosion characteristics. Since the scope of this paper is to focus on effects of corrosion, the other models are not included. Also in order to emphasize the aims of the paper, the authors preferred to choose only 20 models. The ultimate strength of corroded models are compared with non-corroded models, i.e. Chiew et al. (1997) loading condition.
The ultimate strength of models are shown in tables 6. Cor F indicates ultimate strength of the joint with corrosion. If 0 Cor F = is right, it means that there is no corrosion on the joint and FE d represents joint displacement in ultimate state. Models 6, 9 and 10 represent joints of DX6, DX9 and DX10 without corrosion. In this study, it is assumed that a joint failure occurs when its main member fails (Figure 21) . DX6  500  300  5465  12  5  90  3122  2994  0.600  0.416  20.83  DX9  500  300  5465  12  10  90  3122  2994  0.600  0.833  20.83  DX10  500  300  5465  12  12  90  3122  2994 0.600 1 20.83 The models 6, 9 and 10 are intact joints and have no corrosion. The reduction of ultimate strength for the remaining 17 models can be obtained using table 6.
The first pattern is a common way of modeling corrosion defects. Joints with this kind of corrosion demonstrate the lowest level of strength. e.g. the strength of models 36 and 40 is reduced by 25% and 23.2% respectively; while for the joints with the same conditions, but with the second corrosion pattern, i.e. models 21 and 25, reductions of 11.2% and 13.5% are observed.
The joints 59, 60 and 61 have corrosion defects based on the second pattern. As it is presented in table 6, an increase in the number of waves from 1 to 4, causes a reduction of about 2.5% in ultimate strength.
Also, the strength of a corroded joint depends on location of damaged area. As it is shown in the table 6, one can say that tubular DX joints with the first and second patterns of corrosion show similar behaviors in relation to location of damaged area. According to models 68 to 71, it is found that for the first pattern, 6% of strength drop occurs for the joint with corrosion at zone A compared to the joint with corrosion at zone B. This difference is expected to be 4% for the second pattern corrosion. In the next sections, these strength reductions discussed. Figure 22 shows effect of number of corrosion waves on ultimate strength of DX joints. One can say that for joints with second corrosion pattern, as the number of waves increases, the ultimate strength of joints increases. Table 7 presents ultimate strength of joints affected by the first and second corrosion patterns. In some cases, the corrosion may cause the braces to be exposed to the risk of being failed. Table 8 shows that the third corrosion pattern matches well with the second pattern. This corrosion model is more detailed and adapted to reality. It is also comprised of more elements that causes a time consuming process. Therefore, the second model is a suitable corrosion pattern to be studied in this paper. 
Effect of Number of Corrosion Waves

Behavior of Joints with Corroded Braces
Comparison of the Three Corrosion Patterns
CONCLUSIONS
A numerical study on ultimate strength of 20DX tubular joints with corrosion defects was conducted. Three different corrosion patterns were discussed, and reduction of ultimate strength in terms of corrosion characteristics was presented. The effects of these three corrosion patterns were also compared with each other.
A sensitivity analysis was performed in order to achieve a balance between mesh sizing and accuracy of the results. The optimum element sizes were selected regarding dimensions of joint and corroded area.
The first corrosion pattern was modeled as a uniform reduction of wall thickness in a confined region. This pattern was based on linear relation of corrosion depth and time. Empirical equations were used to predict material loss in terms of time. Then the ultimate strength of the joints was obtained as a function of structure age. Due to higher material loss, joints with the first corrosion pattern showed more reduction of ultimate strength than ones with the other two patterns. This implies that common ways of corrosion modeling are very conservative.
The non-uniform material loss of joints with the second pattern was modeled by sinusoidal forms over tubular surfaces. The relation between decrease in joint strength and number of sinusoidal waves of corrosion was studied. It was shown that an increase in the number of waves causes a reduction in effects of corrosion.
In order to predict corrosion characteristics of the third pattern, a nonlinear criterion was used. The average corrosion depth and standard deviation of thickness were chosen for random distribution of thickness over the surfaces.
Also it was found that the effects of corrosion reduce in cases where corrosion occurs on brace surface. However, for joints with the first corrosion pattern, as the ratio of the maximum depth of corrosion to the initial thickness increases, braces become vulnerable to failure.
The importance of affected zone location was also investigated. The analyses demonstrated that thickness changes of the chord on the vicinity of joints play an important role on ultimate strength. In the other words, the surface of the chord member at the intersection of braces is of great significance and special attention should be paid for corrosion protection of this area.
